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Abstract The ability ofmagnetic reconnection between interplanetary and planetarymagnetic ﬁelds to drive
a planetary magnetosphere can be quantiﬁed as the resulting voltage applied to the system. We present
analytical model predictions of the dayside reconnection voltage at Saturn, a planet where solar wind driving has
been the subject of debate. Model-predicted voltages are in reasonable agreement with adapted terrestrial
coupling function estimates, as well as voltages inferred from auroral observations. The voltage is most sensitive
to the interplanetary magnetic ﬁeld (IMF). Combining the model with Cassini IMF observations suggests that the
voltage is rarely high enough to compete with internal driving of Saturn’s outer magnetosphere. The long-term
average dayside (and nightside) voltage is ~40 kV. We point out that the distribution of IMF strength at
Saturn is not bimodal, despite the compression-rarefaction structure of the local heliosphere when the Cassini
observations were made.
1. Introduction
The interaction between the ﬂow of effectively collisionless solar wind plasma and a planet with a sufﬁciently
strong magnetic ﬁeld results in a ﬂow cavity surrounding the planet known as a magnetosphere. However,
this natural magnetic shielding of a planet is not perfect. Processes that operate at the magnetopause
boundary of the system can lead to energy transfer and drive magnetospheric dynamics.
Magnetic reconnection is one of these processes [Dungey, 1961] (see the reviews by Vasyliunas [1975]
and Paschmann et al. [2013]). Reconnection occurs at electric current sheets where there is some angular
difference between the adjacent magnetic ﬁelds (magnetic shear), restructuring the magnetic ﬁeld,
and converting magnetic energy into particle kinetic energy. Reconnection between the interplanetary
magnetic ﬁeld (IMF) and planetary magnetic ﬁeld at a magnetopause current sheet is illustrated in
Figure 1a. The inﬂow of plasma into the reconnection site sustains an electric ﬁeld tangential to the
boundary—the reconnection electric ﬁeld. Figure 1b illustrates the “X line” that can result from reconnection
occurring across the magnetopause surface (only reconnected ﬁeld lines are shown). The potential
difference between the opposite ends of the X line is known as a reconnection voltage. The total
reconnection voltage is the key to determining whether magnetopause reconnection can drive a
magnetosphere.
Solar wind driving of Saturn’s magnetosphere has been the subject of debate. Like Jupiter’s magnetosphere,
Saturn’s magnetosphere also has an appreciable internal plasma source (the moon Enceladus), and the
dominant pattern of internal plasma ﬂow is also (sub)corotation with the planet (see the review by
Gombosi et al. [2009]). This leads to the question: Is the dayside (magnetopause) reconnection voltage
large enough to compete with internal driving and control Saturn’s magnetospheric dynamics?
On the one hand, in situ evidence for reconnection at Saturn’s magnetopause has been reported [Huddleston
et al., 1997; McAndrews et al., 2008; Lai et al., 2012; Radioti et al., 2011, 2013; Badman et al., 2012, 2013;
Fuselier et al., 2014; Jasinski et al., 2014; Meredith et al., 2014]. A number of authors have presented dayside
reconnection voltages based on a simple adaptation of a function (of solar wind parameters upstream of
the planetary bow shock) that has been applied to Earth’s magnetosphere [Jackman et al., 2004, 2005;
Cowley et al., 2005; Grodent et al., 2005; Bunce et al., 2006; Badman and Cowley, 2007; Jackman and Arridge,
2011], which is consistent with changes in the amount of reconnected planetary magnetic ﬂux inferred
from observations of Saturn’s auroral emissions [Badman et al., 2005, 2014; Radioti et al., 2014]. During the
solar cycle declining phase (and likely more generally), the large-scale structure of the solar wind at Saturn
appears to be dominated by compression and rarefaction regions associated with corotating interaction
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regions [Jackman et al., 2004]. When immersed in compression regions of stronger (order 1 nT) IMF, the
estimated voltage is ~100 kV, suggesting a role for the solar wind in controlling outer magnetospheric dynamics.
On the other hand, the position of Saturn’s magnetopause and the adjacent layers do not show an Earth-like,
reconnection-related response to IMF orientation [Masters et al., 2011a, 2014a; Lai et al., 2012]. We expect
conditions at Saturn’s magnetopause to be less favorable for reconnection than those at Earth’s magnetopause,
due to a combination of the different solar wind and magnetospheric conditions [Masters et al., 2012, 2014b;
Desroche et al., 2013]. More speciﬁcally, we expect reconnection onset to be more restricted and reconnection
electric ﬁelds to be far weaker. This led Masters et al. [2014b] to suggest that magnetopause reconnection is
typically not a competitive driver of Saturn’s outer magnetosphere.
In this paper we use a more rigorous approach to constrain the dayside reconnection voltage applied to
Saturn’s magnetosphere. We combine Cassini observations with an analytical model that applies present
understanding of reconnection physics.
2. Modeling Conditions at Saturn’s Magnetopause
We use an analytical modeling approach that has recently been applied to Uranus and Neptune [Masters,
2014, 2015], which is heavily based on past studies of reconnection at Earth’s magnetopause [e.g., Cooling
et al., 2001; Petrinec et al., 2003]. To avoid reproduction of material, here we give an overview of the approach,
describe how the model has been adapted for the case of Saturn, and explain how Cassini observations are
used for model calibration. We refer the reader to Masters [2014] for full details of the modeling.
The model constructs maps of parameters immediately adjacent to the magnetopause boundary and uses these
as the basis for reconnection assessments. Solar wind conditions outside the boundary (in the magnetosheath)
are deﬁned by input solar wind conditions upstream of the planetary bow shock (see Figure 1a). Chosen
upstream solar wind inputs for Saturn are listed in Table 1 with supporting references. Initially, to account for
Saturn’s plasma depletion layer (PDL) [Masters et al., 2014a], we followed previous modeling by modifying the
magnetosheath proton number density and magnetic ﬁeld strength to produce an 85% reduction of the
plasma β (ratio of plasma to magnetic pressure) at all points. We set the planetary magnetic dipole (rotation)
axis to point north (the z axis in our model coordinate system) out of the ecliptic plane (the x-y plane). The IMF
orientation is a free parameter but is constrained to be perpendicular to the Saturn-Sun direction (the x axis).
Past modeling has not included magnetospheric plasma. To adapt the model for Saturn, we introduce
a set of magnetospheric inputs, also given in Table 1 with supporting references. Plasma ﬂow speed inside the
Figure 1. Illustrations of magnetic reconnection at Saturn’s magnetopause. (a) Viewed from along the planet’s orbital path. (b) Viewed from the Sun.
Interplanetary magnetic ﬁeld (IMF) lines are shown in green, planetary ﬁeld lines are shown in blue, and reconnected ﬁeld lines are shown in red. Note that this
northward IMF orientation is rare.
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magnetopause is the product of
the subcorotation factor and the local
speed of corotation with the planet.
Flow directions are perpendicular to
both the local boundary normal and the
z axis, in the sense of planetary rotation.
The electron number density inside the
magnetopause at points that lie in the
x-y plane is equal to the value given in
Table 1, with ion species number
densities following from the speciﬁed
composition and the assumption of
charge neutrality. Ion species number
densities away from the x-y plane are
calculated using equations (1) and (2)
of Thomsen et al. [2010], which are
functions of latitude that describe
equatorial plasma conﬁnement (we use
a constant L shell value chosen as
the shortest planet-magnetopause
distance). Electron number densities
away from the x-y plane follow from
the assumption of charge neutrality. Species temperatures are the same at all points. We do not consider
energetic particles [Sergis et al., 2007] at Saturn’s magnetopause because they have sufﬁciently large gyroradii
to similarly inﬂate the total plasma pressure on both sides of the boundary [Masters et al., 2012] and thus should
not have a signiﬁcant effect on our reconnection assessments.
Maps of magnetosheath parameters outside Saturn’s magnetopause are predicted by the model and can be
compared to in situ Cassini observations that were predominantly made in the equatorial region [Masters
et al., 2011a]. This comparison reveals that the model overestimates the IMF strength by a factor of ~2,
irrespective of input upstream IMF orientation (note that this strengthens qualitative conclusions drawn in
past applications [Masters, 2014, 2015]). Potential reasons for this disagreement include the absence of a
consideration of mirror mode structures in the modeling. The quantity of interest for the present study is
the reconnection electric ﬁeld strength, which is controlled by the adjacent plasma mass densities and
magnetic ﬁelds [Cassak and Shay, 2007]. Using mean values based on all equatorial points on the model
magnetopause and assuming antiparallel magnetic ﬁelds gives a reconnection electric ﬁeld strength that is
higher than that suggested by observations [Masters et al., 2014b] by a factor of ~3 (this is independent of
the assumed reconnection efﬁciency). To achieve better model agreement with observations, we adjust the
applied percentage reduction of plasma β (that mimics the PDL). To an accuracy of 5%, the best agreement
corresponds to 0%, where the above ratio of electric ﬁeld strengths drops to ~1.1.
The input values in Table 1 and the lack of a PDL treatment correspond to all modeling results presented
in this paper. In section 4, we assess how sensitive our results are to these chosen values. Example parameter
maps for Saturn (like those presented in recent studies) are included in the supporting information attached
to this article. There are a number of deﬁciencies of ourmodeling approach, the lack ofmagnetopause ﬂattening
for example [Desroche et al., 2013; Pilkington et al., 2014; Sulaiman et al., 2014]. However, it is unclear
to what extent these deﬁciencies affect the dayside reconnection voltages predicted by the model. Future
comparison between the present results and those based on numerical modeling will test whether this
computationally inexpensive modeling is sufﬁcient to constrain the dayside reconnection voltage for a range
of magnetospheric systems.
3. Reconnection Voltage Dependence on IMF Clock Angle Under Typical Conditions
The maps of near-magnetopause parameters provided by the model can be used to assess the occurrence of
reconnection at the model magnetopause. This involves the assumption that magnetopause current sheets
Table 1. Typical Upstream Solar Wind and Magnetosphere Parameters
Given as Inputs to Saturn Magnetopause Reconnection Model
Upstream Solar Wind
Flow speeda 450 km s1
Proton number densitya 0.05 cm3
Plasma pressurea,b 6.9 × 105 nPa
Magnetic ﬁeld strengthb 0.4 nT
Sonic Mach number 13
Magnetosphere
Subcorotation factorc,d 0.5
Electron number densitye 0.025 cm3
Ion composition by numberc 50% H+, 25% H2
+, 25% W+
Electron temperaturee 200 eV
H+ temperaturec 600 eV
H2
+ temperaturec 600 eV
W+ temperaturec,f 1000 eV
aCrary et al. [2005].
bMasters et al. [2011b].
cThomsen et al. [2010].
dFlow speed divided by local speed of corotation with the planet.
eMasters et al. [2011a].
fWater group ions (mean mass per charge: 17.5).
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are sufﬁciently thin for reconnection onset [Phan et al., 2013], the application of the diamagnetic drift
[Swisdak et al., 2003, 2010] and ﬂow shear [Cassak and Otto, 2011] conditions for onset, and the calculation of
the ratio of reconnection electric ﬁeld strength to reconnection efﬁciency where both conditions are satisﬁed
[Cassak and Shay, 2007] (subject to a ﬂow shear correction [Cassak and Otto, 2011]). As in section 2, we
refer the reader to Masters [2014] for full details of how these reconnection assessments are carried out.
To calculate reconnection electric ﬁeld strengths, we need to specify a reconnection efﬁciency. This is ~0.1
for reconnection in near-Earth space [e.g., Paschmann et al., 2013] but may be lower in Saturn’s high-plasma
β magnetopause environment [Sonnerup, 1970; Slavin and Holzer, 1979; Anderson et al., 1997; DiBraccio et al.,
2013]. However, in the absence of observational evidence for a lower reconnection efﬁciency at Saturn
and without indications of a plasma β dependence of reconnection efﬁciency in numerical simulation
results (M. Swisdak, private communication), we assume a terrestrial value of 0.1 in this study.
Assessments of reconnection at Saturn’s magnetopause are shown in Figure 2 for a range of IMF orientations.
We deﬁne the clock angle of the IMF (θ) as the angle between the IMF vector and the z axis, increasing
clockwise as viewed from the Sun. Figure 2a corresponds to a clock angle of 0°, and the clock angle for
subsequent panels increases in increments of 45° (as indicated in the lower right of each panel). Magnetospheric
plasma ﬂow breaks the dawn-dusk symmetry of the system and means that we have to consider a clock
angle range of 360° rather than 180° (see dawn-dusk asymmetry in Figure 2c for example).
Figure 2a shows the best IMF orientation for magnetopause reconnection at Saturn—northward. This produces
a high magnetic shear (~180°) across the low-latitude boundary and the satisfaction of reconnection
onset conditions over a relatively large surface area. In Figure 2b, the clock angle has increased and
the high magnetic shear regions have moved to higher latitudes at dawn and dusk, causing the
reconnection-allowed region to split into two. As the clock angle further increases toward 180°, the high
magnetic shear regions move tailward of the cusps until dayside reconnection is entirely suppressed
under southward IMF. Varying the clock angle from 180° to 360° causes similar variations but reversed in
time and reﬂected about the z axis. These clock angles are not equally frequent at Saturn; Figures 2c and
2g are the dominant orientations (see section 4).
Figure 2. Assessments of reconnection at Saturn’s magnetopause. In all panels, the dayside magnetopause surface is shown as viewed from the Sun, the smaller
circle centered on the origin represents the planet, the IMF clock angle is indicated in the lower right, and the spatial unit is Saturn radii (RS; 1 RS = 60268 km).
Color is applied to regions of the surface where reconnection onset conditions are satisﬁed and gives the reconnection electric ﬁeld strength. Predicted reconnection
X line locations are shown as white lines through colored regions.
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This relationship between IMF orientation
and the location of the high magnetic
shear regions, where we expect
reconnection to occur, is well established
in the case of Earth (where the planetary
magnetic dipole axis is reversed) [e.g.,
Luhmann et al., 1984]. However, there
are two apparent differences in the case
of Saturn. First, a single reconnection X
line spanning the dayside magnetopause
should only be possible for IMF within
~30° of northward (cf., Figure 2a with
Figures 2b and 2h), whereas this
restriction (toward southward IMF) is
thought to be less severe at Earth
[Trattner et al., 2007, 2012; Phan et al.,
2013; Petrinec et al., 2014]. This is due
to more severe diamagnetic drift
suppression at Saturn that limits
reconnection onset to higher magnetic shear conditions [Masters et al., 2012; Fuselier et al., 2014]. Second,
the strongest reconnection electric ﬁelds in the Saturn modeling occur for IMF, that is ~40° away from
northward (see Figures 2b and 2h). This is due to the inﬂuence of magnetospheric plasma mass density,
which produces a lower magnetospheric Alfvén speed at the equatorial magnetopause that acts to
reduce the electric ﬁeld strength [Cassak and Shay, 2007].
To determine a reconnection voltage (Vrec) for each IMF clock angle, we ﬁrst follow lines of maximum
magnetic shear through regions where reconnection onset is possible to give X line locations [e.g., Trattner
et al., 2007]. We then integrate the reconnection electric ﬁeld strength along each X line to get a voltage,
before summing these voltages to get the total dayside reconnection voltage. These resulting values are
given in Figures 2a–2h. Figure 3 shows the dependence of dayside reconnection voltage on IMF clock angle
at Saturn, under the typical solar wind conditions we are currently considering (see Table 1). The voltage
varies between 0 and ~100 kV. The local maxima at clock angles of ~40° and ~320° are due to the
magnetospheric plasma effect described above. Note that clock angles of 90° and 270° correspond to the
dominant IMF orientations at Saturn (see section 4) and are associated with a voltage of ~40 kV.
In Figure 3, the model results are compared to the predictions of the adapted terrestrial coupling function
previously applied to Saturn [e.g., Jackman et al., 2004]. Although uncertainties associated with model-predicted
voltages cannot be quantiﬁed at present, we suggest that there is a good agreement between the model
and adapted terrestrial function predictions, consistent with changes in the amount of reconnected
magnetic ﬂux in the system determined from observations of Saturn’s auroral emissions [Badman et al.,
2005, 2014; Radioti et al., 2014]. This reasonable agreement in Figure 3 implies that although typical
conditions at Saturn’s magnetopause are expected to be less favorable for reconnection than those at
Earth’s magnetopause (see above discussion), this does not appear to have a qualitative effect on the
coupling function. Furthermore, there is close quantitative agreement between Earth and Saturn dependences
of dayside reconnection voltage on IMF clock angle [e.g., Wygant et al., 1983]. This is due to a weaker
reconnection electric ﬁeld at Saturn’s magnetopause being balanced by the longer X lines allowed by a greater
scale dayside boundary.
4. Reconnection Voltage Dependence on IMF Clock Angle Under a Range
of Conditions
All the typical parameters given as inputs to the modeling results presented in section 3 (see Table 1) are
subject to signiﬁcant variability [e.g., Crary et al., 2005; Thomsen et al., 2010] that will affect the voltage-clock
angle relationship shown in Figure 3. To quantify the effect of varying of each parameter, we can carry out
sensitivity tests (see supporting information). These tests imply that magnetospheric parameter variations,
Figure 3. Dependence of Saturn’s dayside reconnection voltage on IMF
clock angle under typical conditions. The solid curve follows model pre-
dictions. The dashed curve follows predictions of the adapted terrestrial
coupling function that has previously been applied to the case of Saturn
[e.g., Jackman et al., 2004].
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changing Saturn season (using realistic dipole axis orientations), and variations in the solar wind speed
and total temperature (affecting the plasma pressure value in Table 1) all do not have a signiﬁcant effect.
However, the relationship is more sensitive to the solar wind density and is most sensitive to the strength
of the IMF.
Compared to solar wind plasma observations upstream of Saturn’s bow shock, Cassini has provided extensive
observations of the IMF—the parameter that primarily controls the dayside reconnection voltage applied to
the magnetosphere. Between 13 August 2003 and 3 March 2004, the spacecraft approached Saturn, starting at
~8.5 and ending at ~8.9AU. IMF measurements were made during this period by the Cassini magnetic ﬁeld
investigation [Dougherty et al., 2004] and have been analyzed in a number of studies [Jackman et al., 2004, 2008;
Jackman and Arridge, 2011]. These have shown that the large-scale structure of the solar wind at this time is
dominated by compression and rarefaction regions associated with corotating interaction regions, where the
IMF is stronger and weaker, respectively [Jackman et al., 2004]. The prevailing IMF orientation at this time is
in agreement with the Parker spiral model [Parker, 1958; Jackman et al., 2008], producing two dominant IMF
orientations, one parallel to the model y axis and the other antiparallel.
Figures 4a and 4b show distributions of 1 h cadence measurements of the IMF strength and clock angle during
this ~6.5month interval. In Figure 4, the clock angle has been redeﬁned as the smallest angle between the z axis
and the IMF vector, on the basis of the apparent symmetry in Figure 3 (i.e., no clear dawn-dusk asymmetry
related to magnetospheric conditions). While the dominant IMF orientations are clear in Figure 4b, there is no
clear bimodality in the IMF strength shown in Figure 4a (regardless of choice of bin width), as implied by results
of past studies [Achilleos et al., 2008; Jackman and Arridge, 2011]. Given the compression-rarefaction region
structure of the solar wind, this is somewhat counterintuitive.
Figure 4. The dayside reconnection voltage applied to Saturn’s magnetosphere for a range of IMF conditions. (a) Histogramof
IMF strength measured by Cassini between 13 August 2003 and 3 March 2004. (b) Histogram of IMF clock angle measured
by Cassini between 13 August 2003 and 3March 2004. (c) Model-predicted reconnection voltage for different combinations of
IMF strength and clock angle. The distribution of Cassini measurements is represented by equally spaced contours.
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Figure 4c shows further dayside reconnection voltages predicted by our analytical model. All inputs in Table 1
are used except for the IMF strength, which has been set as a second free parameter. Each colored tile
corresponds to midpoint values of the relevant IMF strength and clock angle bins in Figures 4a and 4b. The
hatched region corresponds to unusually strong IMF that produces sub-Alfvénic magnetosheath ﬂow in
regions tailward of the cusps. This leads to reconnection X lines that will likely involve ﬁeld lines in Saturn’s
polar cap that have already undergone magnetopause reconnection and thus would not change the amount
of “open” magnetic ﬂux in the system.
Although the dayside reconnection voltage at Saturn is highly variable, instances when the voltage is as high
as ~200 kV are relatively rare. The long-term average dayside reconnection voltage at Saturn is ~40 kV,
which must be mirrored in the long-term average nightside reconnection voltage. In comparison, the typical
voltage associated with plasma corotation with the planet in Saturn’s outer magnetosphere is ~180 kV
[Badman and Cowley, 2007]. Therefore, although dayside reconnection voltages at Earth and Saturn are
similar [e.g., Wygant et al., 1983], at Saturn, this solar wind driving is generally unable to compete with
(stronger) internal driving. This results in magnetospheric ﬂow dominated by corotation rather than solar
wind-driven convection. It is also worth noting that the modiﬁed solar wind-terrestrial magnetosphere
interaction at relatively low solar wind Mach numbers that (among over effects) can lead to saturation of the
potential difference across Earth’s polar cap [e.g., Lavraud and Borovsky, 2008] is expected to be less common
(and potentially prohibited) in the case of Saturn, since solar wind Mach numbers are signiﬁcantly higher at
Saturn’s orbit [e.g., Masters et al., 2011b].
5. Summary
We have used an analytical modeling approach to constrain the voltage applied to Saturn’s magnetosphere by
the occurrence of magnetic reconnection at the dayside magnetopause. Our results support past voltage
estimates based on a simple function of upstream solar wind parameters and suggest that the IMF primarily
controls the voltage. The mean dayside reconnection voltage at Saturn is expected to be ~40 kV, too low
to drive outer magnetospheric dynamics. In future studies, the present model can be used to predict the
location of reconnection sites on Saturn’s magnetopause, guiding the search for further in situ evidence of
the process at work.
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